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This report  was prepared as  an account of Govemmnt-sponsored work. 
Neither the United States, nor the National Aeronautics and Space Admini- 
s t r a t i o n  (NASA), nor any p r s m  acting on behalf of NASA: 
a )  Makes any warranty or representation, expressed or implied, 
with respect t o  the accmacy, completeness, or usefulness of 
t he  information contained i n  t h i s  report ,  or that the use of 
any Marmation, apparatus, method, or  process disclosed in 
t h i s  report  may not infringe privately-owned r igh ts ;  o r  
b) Assumes any l i a b i l i t i e s  w i t h  respect t o  the use of, o r  for 
damages resu l t ing  from the use of any information, apparatus, 
method, or process disclosed in t h i s  report. 
A s  used above, Itperson acting on behalf of NASA" includes any employee or 
c m t r a c t a r  of NASA, or employee of such contractor, t6 the extent that 
such employees or contractor of NASA or employee of such contractor pre- 
pares, disseminates, ar provides access to ,  any information pursuant t o  
h i s  employment of contract w i t h  NASA, or h i s  employment w i t h  such con- 
t rac tor .  
Requests f o r  copies of t h i s  repar t  should be referred to:  
National Aeronautics and Space Administration 
Off i c e  of Scient i f ic  and Technical Infarmation 
Washington 25, D. C. 
A t  t en t  ion: AF SS-A 
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The work described herein i s  being performed by T R W  Inc, 
under the sponsorship of the National Aeronautics and Space Administration 
under Contract N A S  3-2!3.$. 
design creep data on refractory meu l  alloys f o r  use i n  space power 
The purpose of this study is  to  obtain 
systems, 
The program is administered fo r  TRW Inc, by E, A. Steigerwald, 
Programhnager. 
C, R. Honeycutt and R. R. Ebert contributed t o  the  program, 
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ABS TRACT 
Creep data obtained under ultra 
presented f o r  molybdenum-base alloys TZC 
high vacuum conditions a re  
and TZM, columbium-base 
alloy Cb132#, and arc  omel ted tungsten, arc! -me1 ted tungs ten-25$ 
rhenium, and Sylvania A. 
( 9 8 2 O C )  to 2200'F (1204%) temperature range the TZC alloy possesses 
The resu l t s  indicate tha t  i n  the 1800'F 
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I1 0 MATERIALS AND PROCEDURE 
I INTRODUCTION 
Space e l e c t r i c  power systems depend upon the use of refractory 
metals i n  a var ie ty  of component areas, A c r i t i c a l  property parameter 
i n  the design of these systems i s  the  long-time creep s t rength a t  very 
low p a r t i a l  pressures of oxygen and nitrogen, 
metal a1 oys can occur under conditions of Torr and vacuums be t t e r  
than 10' Torr must be used t o  obtain creep measurements which can be 
employed f o r  design of space components. The purpose of this program 
i s  t o  generate long-time creep d a t a  on selected re f rac tory  al loys which 
have poten t ia l  use i n  advanced power systems. Emphasis has been placed 
on t e s t i n g  sheet alloys which can be employed f o r  cladding or  tubing 
applications and on forgeable high s t rength turbine alloys.  
Contamination of refractory 
design of the  t e s t  units capable of operating a t  vacuums less 
than li3 Torr and temperatures up t o  32W°F, has been previously described. 
Creep test  data have also been presented for  tungsten and tungsten-2Sk 
rhenium sheet, molybdenum base al loys TZC and TZM and columbium base alloys 
AS-30 and FS-65. 
obtained on columbium a l loy  Cb132M and the tungsten-base Sylvania A 
a l loy  are described i n  this report. 
Additional r e su l t s  f o r  these alloys along with data 
The materials currently included i n  the  t e s t  program along with 
the i r  compositions are presented i n  Tables 1 and 2. 
a l loy  T-111 has been recently added t o  the program due t o  i t s  poten t ia l  
appl icabi l i ty  as a tubing material. 
Corporation* and received from NASA has a l so  been included t o  p o v i d e  
a measure of t he  reproducibil i ty i n  creep properties between two heats 
of the same material with d i f fe ren t  carbon contents, 
The tantalum base 
A TZM a l loy  obtained by Air Research 
A detai led description of the test specben  geomtry, the t e s t  
procedure, and tk material processing history f o r  TZM, TZC (Heat M80), 
AS-30, W, W-25Re, and Sylvania A were presented i n  the  s ix th  and seventh 
Quarterly Reports. 
The evaluation method involves tes t ing the  turbine o r  tubing al loys a t  
The processing history f o r  Cb132M i s  given i n  Apperdix I. 
* R. L. Sal ley and E. A. Kovacevich, Wate r i a l s  Investigation, Snap sO/Spur 
Program Mechanical Properties of TZM", Tech, Rep. AFAPL-TR-~~ (March 23, 1965). 
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temperatures between 1600 and 2250'F (G71 and 1235'C) unt i l  a 1% t o t a l  
elongation is  attained. 
(1760'C) f o r  a t o t a l  extension up t o  5%. I n  a l l  cases the  tes t  envir- 
o m  n t  ( a f t e r  approximately the first I C 0  hours  o f  t e s t )  i s  l e s s  than 
Torr and tne applied s t r e s s  leve ls  are selected with the goal of 
obtaining creep data over t o t a l  t es t  times between 1000 and 10,000 hours. 
The cladding materials are tested a t  32009 
III. EXPERIMENTAL RESULTS 
A. Nolyodeilum-Base - Alloys (TZC and TZM) 
.i aetai led presentation of the creep data for  a l l  the  tests 
The creep curves for  tests being conducted i s  given i n  Appendix 11. 
on TZC a t  temperatures o f  1856, 2000, 2056, and 2200'F (1013, 1093, 
1124, and 1204'C) are presented i n  Figures 1 and 2. 
the  creep curves t o  exhibi t  discontinuties was more prevalent a t  the 
kigner t es t  temperatures. 
being conducted i n  c * ~ i  ? L t t ? t 1 l 2 ' i ~  h r e l a t e  t h e  discontinuties i n  the  
creep curves to  p r e c i & i i a h x i  ,Jdch i s  occurring during the  t e s t .  
The hardness o f  t h e  as-received TZC p l a t e  (Heat 14-80) from 
The tendency for 
Metallographic examination is  current ly  
the  surface t o  the  center showed l i t t l e  var ia t ion (DPH 288 to 285). 
A kepresentative s t ructure  o f  the as-received material a t  the  center 
o f  the p l a t e  i s  shown i n  f i g u r e  3. The microstructure of t h e  TZC 
p l a t e  a f t e r  annealing a t  3092°F(1700"C) f o r  one hour is  presented 
i n  Figure b; while the  s t ructure  of a specimen after exposure t o  
a 2000'F (1093'C) test  condition fo r  approximately 1200 hours i s  
shown i n  Figure @. The annealing treatment prod ced material 
with a 0.2% yield strength o f  6 .5 k i (47.2 x 10 9 3  N/m ), a tens i l e  
s t rength of 68.6 k s i  (47.4 x 10 B f i c  N/m ) ? v d  c7 i w o  reduction i n  a rea  
a t  room temperature when measured transverse t o  tne ro l l i ng  direct ion.  T k  
annealing treatment did not resu l t  i n  h C D L ~ ~  1 c: e l y  recrystal l ized 
s t ructure ,  however, it did produce a noticeable reduction i n  hardness 
(DPH 288 t o  I P H  235). After tes t ing  for  approximately 1200 hours 
a t  2000'F (1093%) the hardness o f  the TZC increased t o  DF" 350 
indicat ing tha t  s ignif icant  precipi ta t ion hardening had occurred 
during testing. 
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FIGURE 3. STRUCTURE OF TZC ALLOY IN AS-RECEIVED CONDITION, 
ETCHANT: 15% HF, 15% H2 SO4, 8% "03, 62% H 2 0  
9732 
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lOOX 
A. STRUCTURE AFTER ANNEALING AT 17WC FOR 1 HOUR 
HARDNESS DPH 288 
looX 
B. STRUCTURE AFTER ANNEALING AT 170OOC FOR 1 HOUR AND TESTING 
FOR 1196 HOURS AT 1094OC (2000°F) HARDNESS DPH 350 
FIGURE 4. STRUCTURE OF TZC ALLOY (HEAT M-80) AFTER ANNEALING AND 
AFTER TESTING. ETCHANT: 15% HF, 15% H2S04 8% "03 62% H2) 
8x19 - a -  
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The creep behavior €or TZM (iieat 7502) i n  both the  as-received 
(stress-relieved) and annealed condition i s  presented i n  Figure 5. 
The as-received material exhibited a r e l a t ive ly  normal creep curve 
while the annealed condition produced a very rapid increase i n  the 
t o t a l  elongation a t  approximately 350 hours. 
followed by a low creep r a t e  and time in te rva ls  where actual specimen 
contraction was observed. 
f o r  this behavior it i s  character is t ic  of conditions where a phase 
change and creep are occurring simultaneously.' 
The sharp increase was 
Although no def ini te  explanation i s  apparent 
The A i r  Research TZM alloy received from NAS is  urrently under 
tests a t  18569 (1013%) and 24,000 p s i  (1.65 x 10 6 8  N/m ). After 496 
hours a t o t a l  extension o f  0.02% has been obtained. 
A comparison of t he  creep properties of t he  TZC and TZM material 
i s  presented i n  Figure 6 on a Larson-Miller p lo t  using a constant o f  15- 
The s t ress  t o  produce 0.2% to ta l  extension i n  TZC was approximately a 
l i nea r  function o f  the Larson-Miller parameter over a re la t ive ly  large 
range of times and temperatures. 
relieved TZM (O,Ol3$C) (iieat 7502) indicated that th i s  material 
had creep resistance which was signif icant ly  below the TZC alloy. 
The plot  for the 0,5$ creep level indicated t h a t  a s l i gh t  deviation 
f r o m  l inea r i ty  w a s  present a t  the lower values of the Larson-Miller 
parameter. 
The data obtained f o r  the s t ress -  
B, Columbium-Base Alloy (Cb132M) 
The creep properties o f  the Cb132M al loy were evaluated after 
annealing the material for one hour at 3092'F (1700'C). T h i s  treatment, 
produced a parkial ly  recrystall ized s t ructure  (see Figure 7) having the 
room temperature properties l i s t ed  i n  Table 3. 
TAB1.E 3 
Room Temperature Properties of Cb132M a f t e r  Anne91ing a t  3092'F (17OO0C) 
for  One Hour i n  Vacuum (10-Torr) 
0.2% Yield Strength 
Tensile Strength 8.36 x 10 N/m ) 
Elongation (2" ) 4.2% 
Reduction i n  Area 4.7% 
St ra in  Rate 0,005 in/in/min. 
109.8 k s i  7.56 x 10: N/<) 
* R. M. Fountain and M, Korchynsky, "The Phenonemon of 'Negative Creep' i n  
Alloys", Trans, ASM, 108, (195'9). 
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FIGURE 7. MICROSTRUCTURE OF Cb 132M ALLOY AFTER ANNEALING 
AT 3092°F (1700°C) FOR ONE HOUR, ETCHANT: 15% HF, 
15% H2S04, 8% "03 62% H 2 0  
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Cree? test  data obtained a t  2056'F (1124%) on Cb132M are summarized 
i n  i7igure 6 .  
AS-30, i s  presented i n  terms of the Larson-Niller parameter i n  Figure 9. 
A t  the stresses evaluated, the  Cb132M a l loy  had creep resistance superior 
t o  AS-30 but i n fe r io r  t o  the molybdenum alloys. 
being conducted at 2200'F (120h0C), 8,000 p s i  (5.5 x 107N/m2) t o  examine 
the behavior o f  Cb132M a t  higher values of the Larson-filler parameter. 
A comparison o f  t h e  two columbium base alloys,  Cb132M and 
An additional t e s t  i s  
C. Tungsten-Base Materials 
The results of creep tests conducted on arc-melted tungsten ard 
tungsten-25$ rhenium al loys were summarized i n  t h e  l a s t  Quarterly &ogress 
Report for  t o t a l  extensions of 1%. 
period included additional creep da ta  for  tungs ten, tungsten-25g rhenium, 
and Sylvania A, 
shown i n  Figure 10 
As a r e su l t ,  the extrapolations o f  short-time data would tend t o  predict  
creep extensions which were s igni f icant ly  greater 
tungsten showed a t o t a l  extension a t  3200'F (1760"C) of  2.h7% a f t e r  
approximately 3000 hours, while an extrapolation o f  the da t a  after 1000 
hours would have resu l ted  i n  a prediction which was 50% higher. 
Results obtained during t h i s  report  
The tungsten and tungsten-25$ rhenium creep curves are 
There w a s  a tendency fo r  the tungsten tests a t  
1000 p s i  (6.8 x 10 b N/m2) t o  exhibit  a continuously decreasing creep rate.  
han the t rue  values. 
A t  the r e l a t ive ly  low s t r e s s  of 1000 psi (6.8 x 10 t N/m2) the unalloyed 
The Sylvania A m t e r i a l  possessed a large number of imperfections 
i n  the  sur fam of the sheet  and examination by radiography w a s  required 
t o  insure tha t  these defects were not located i n  the specimen gauge 
section. Two t e s t s  were , ini t ia ted with t h i s  material, however, specimen 
f a i l u r e  occurred i n  both cases outside the gauge section a t  a p p o x i m t e l y  
the posi t ion where the specimen passed through the furnace heat shields.  
The failure appeared t o  be in i t i a t ed  by a b r i t t l e  crack which propagated 
from one side. 
sectional area were su f f i c i en t  t o  cause specimen failure. The specimns 
were machined by e l ec t r i c  discharge methods and examination pr ior  to 
t e s t ing  indicated t h a t  the cracks r r e  not induced by  the  machining operation. 
A t  a s t r e s s  of  SO00 p s i  (3.45 x 10 N/m2) a t o t a l  extension of  0.25% 
was obtained i n  18 hours on the f i r s t  specimen and a creep of 0,2@ i n  
26 hours on the secord specimen. The micrsstnictare of t h e  Sfi.var!ia 4- 
material a f t e r  tes t ing  i s  shown i n  F5gure 11. 
The resu l tan t  bending s t resses  and reduction i n  cross-  
During t h e  next report  period additional t e s t s  w i l l  be i n i t i a t e d  
on the  A i r  Research TZM material obtained from NASA. The T-222 material 
has been received and -will also be tes ted  along with the  vapor-deposited 
tungs ten. 
- 13 - 
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FIGURE 9. LARSON MILLER PLOT OF CREEP DATA FOR AS-30 
AND Cb 132M ALLOYS 
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FIGURE 1 I STRUCTURE OF SYLVANIA A ALLOY AFTER RECRYSTALLIZATION 
AT 3200°F (176OOC) FOR 1 HOUR, AND TESTING AT 3200°F 
(17600C) FOR 26 HOURS, HARDNESS DPH 438, ETCHANT: 15% HF, 
15% H2S04, 8% HN03, 62% H 2 0  
8707 - 1 7  - 
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APPENDIX I 
Processing Histopy of  Cb132M 
Universal Cyclops Heat No. KC 1454 
1. Glectron-beam melted stock with carbon added 
by Universal Cyclops, electrode diameter 2-1/2" 
mold s i ze  3-7/811. 
2. Vacuum a rc  melted, then canned i n  Mo-O.5Ti. 
3. Extruded a t  3130'F to 1-1/2' diameter. 
4. Cross-rolled from 2400'F i n  three passes yielding 
reductions o f  20, IO,  and 10%. 
between each pass. 
Plate  reheated 
Final thickness 3/ht'. 
5. Jacket removed, shipped i n  as-rolled structure. 
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Creep  Test Data 
c TRW EQUIPMENT LABORATORIES 
~~ 
THOMPSON R A M 0  WOOLDRIOGE INC. 
TABLE A-1 
Creep Test Data, TZC Plate, Recrystallized a t  3092OF (1700OC) 
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TAEILE A-I (Cont'd.) 
Creep Test Data, TZC Plate, Recrystallized a t  3092°F (1700°C) 
For 1 Hour, Tested A t  1856"F(&W%], 25,000 p s i  (1.72 X lo8 N/m2) 
Len@h Change Creep Pressure Time A L  (in.) Creep Pressure T i m e  aL ( 
Length Change 
f Torr Torr (Hours) 2" G . F * )  (Hours) 2" G.L. -% 
1 
19* 3 
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TABLE A-I1 
8 2  For 1 Hour, Tested A t  2056OF (U2b°C), 25,000 p s i  (1.72 x 10 N/m ) 
Time 
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TAHLE A-I1 
Creep Test Data, TZC Plate, Recrystallized a t  3392°F (170OOC) fo r  1 Hour, 
Tested a t  2056'F (1121S0C), 19,000 p s i  (1.3. X lom8 N/m2) 
Length % a g e  Length Change 
Time A L  (in.) Creep Pressure Time A L  (in.) Creep Pressure 
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TA3U A-I11 
Creep Test Data, TZC Plate, Recrystallized at 3092°F(17000C) 
-8 2 For 1 Hour, Tested at 2000’F ( 1 0 9 3 O C ) ,  20,000 ps i  (1.38 X 10 N/m ) 
Length Change 
Time A L  (in.) Creep Pressure 
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Creep Test Data, T Z C  Plate ,  Recrystallized a t  3092"F(170OoC) 
For 1 Hour, Tested a t  2000°F (1093"C>, 20,000 p s i  (1.38 X 10"N/m2) 
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1.3 X low9 
1.7 X 
1.4 X 
2.2 x low9 
1.3 X lo-9 
2.0 x lo-9 
3.4 x lo-$ 
1.5 x loe9 
1 .9  x lo4 
5.0 x lo+ 
3.2 X loe9 
2.4 X low9 
3.1 X loW9 
4.5 X low9 
4 . 6 ~  io  -- 
1.5 x 10;; 
6.1 X 10 
5.8 x 10-3 
3.9 x 
6.4 X los9 
4.2 X lom9 
7.5 x 10 
7.0 X 10:; 
7.5 x 10 
1.3 X lo:
1 . 2  x 10 






















2" G. L. 
A L  (in.) 
,0026 
,00265 

































. a 0  
- 
177 
Test in Progress 
Pressure 
Torr 
2.6 x io-; 
4.6 x io- 
3.8 X 
3.8 x lo-9 
4.0 X lo-? 
3.8 X lom9 
3.5 x 
4 . 2 X  1Om9 
2.4 X 10 , 
5.5 x lo-9 
4*4 x 10:; 
3.0 X 
705 x loe9 
4 .6  X lo-' 
2.7 X 
2.9 x 10 
7.4 x 10-9 
5.4 x 10-9 
b TR W EQUIPMENT LABORATORIES 
'. THOMPSON R A M 0  WOOLDRIOGE INC. 
TABLE A-IV 
CREEP TEST DATA, TZC PLATE, RECRYSTALLIZED AT 3092°F (170OOC) FOR 1 HOUR, TESTED 
































-0- . 0 0 5  
005 
0 0025 
005 . 0025 
Length Change 

































0 0109 . 01105 
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L 
TABLE A-IV (Cont.) 
W3EP TEST DATA, TZC PLATE, ilECRYSTmLIZED AT 3092'F (1700°C) FOR 1 HOUR, 
TESTED AT 2200'F (1204'C), 18,000 PSI (1.24 x 10%/m2) 
Length Change 
Pres sure 
( Torr ) 
Time AL( in. ) 
























o O l l 9 0  
01250 
.07285 . 012 95 














.02100 . 02120 
0577 - 
0595 - . 625 " . 642 7.7 x 10-10 . 647 8.2 x 1 O - l o  . 652 7.8 x lo-" . 660 8.0 x . 692 1.6 x 10-9 . 697 8.7 x 10'1~ 
705 1.1 10-9 
735 9.7 x 10-10 
.860 1.8 x 10-9 
677 1.2 10-9 
927 LO 10-9 . 957 1.2 10-9 . 967 1.3 10-9 . 980 1.1 10-9 
1.000 1.0 x 10-9 
1.050 9.4 x 10-10 
897 8.5 x . 902 8.0 x 10-l-O 
1.060 1.3 x 1 O - l o  
Test Terminated 
THOMPSON R A M 0  WOOLDRIOGE INC. 
Cmep Test Data, TZC Plate, Recrystallized at 3092°F(17000C) for 1 Hour,. 
Tested at 2200'F (120b°C), 17,000 psi (1.17 X lo8 N/m2) 
Length Change 
Time LSL (in,) Creep Presstlre 












-O* - r00020 
~ * 0 0 0 2 0  
.- . m 2 0  
b 00030 
- *OoOlS 
-.om15 - . o0015 
-000005 - .00015 - 0 00015 
-00015 
-00015 
-0- 5.7 x 10-9 - 0 010 
-0015 
-9010 
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, *  
TABLE A-V 
Creep Test Data, TZC Rate ,  Recrystallized a t  3092'F (1700'C) f o r  1 HourS 
























e 205 . m . 215 
0232 
0 237 
0 237 . 240 . 265 
0 2?5 





2-4 x 10:; 
2.1 x 10 
106 x 101; 
202 x 10 
302 10-9 
104 10-9 __ 
1.5 x 10:; 
2.6 x i o  
2.4 x 10:; 
1.2 x 10 
1.4 x 10:; 
1 , 2  x PO 
-9 1.7 x 
1.6 x 
5.0 x 10 
1.6 10-9 






9.2 x 10,lo 
2.3 x 
9.2 x 10-lo 
8.2 x io,1o 




1.4 x 10 
-9 
903 X io-lo 
~1 10-9 
Length Change 
Time A L  (in.) Creep Pressure 









1655 . 2 
1799.6 
1895 0 5  
1967 2 
1 7  27 01 
. 00600 . 00615 
.O06 x> 
.00690 
.00695 . 006 90 
.00690 
.00705 
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TABLE A-VI 
CREEP TEST DATE, STRESS-RELIEVED TZM FORGED DISC,  TESTED AT 
2OOOOF (1093OC), 10,000 PSI (6.89 x l O 7 ~ / $ )  
Length Change 
- Time L (in) 
































4 0 8  05 
1.480.3 






1912 0 3 
-. 00030 -. 00015 - . 00015 - . 00015 
-000005 
0 00010 . 00005 . 0000 
* 00010 
0 00005 . 00005 
0 00010 
.00005 . 00000 
0 00010 
Q 00015 . 00005 
-0  00005 
00030 . 00100 
0 0008 0 
00085 . 00085 
0 ooogo 
00090 . 00100 . 00100 
.00250 
o00250 . 00250 . 00260 





00315 . 003 25 
Length Change 
Creep Pressure Time A L ( in )  
(5 1 (Torr) (Bs.) (2" G.L,) 
-.oos 
-0 0075 
-0 0075 - . 0025 
0 005 . 0025 . 000 
005 . 0025 . 0025 . 005 . 0025 . 0000 . 005 
0075 . 0025 . 005 
-. 0025 . 015 
0 0 5  
.a . 0425 
0425 .a5 
0045 . 05 
0 05 
0125 































. 0016 . 00105 . 00110 
.0013 0 . 00135 
. O O l 4 0  . 0045 . OOI.45 . 0015 0 . 00155 . 00170 
00175 
0017 0 . 00175 . 00185 . 0018 
.O@O . 00205 
* 0 0 2 l O  . 00210 . 00210 . 00220 . 00220 
.00230 
00235 . 00240 . 00250 






1 ,2  10-9 
1.2 
1,2 10-9 
1,2 x 10-9 
1.5 x 10-9 
7.4 x 10-10 
1.3 10-9 
7.5 x 10-10 
7.7 x 10-10 
7h x 10-10 
9.2 x 
7.6 x 
9.0 x 10-10 
9.2 x 
8.1 x 
8.2 x 1 O o I o  
8.0 x 
1.3 x 109 
6,9 x 
6.9 x 
6.6 x 10-10 
6,4 x bo-Io 
5,,8 x 1OWPo 
5.9 x l owlo  
* TRW EQUIPMENT LABORATORIES . THOMPSON RAMO WOOLORIDGE INC. 
- 
TABLE V I  - Cont’d 
Time (Hours) Length Change, D L ( in)  




2.8 x 1 d 0  
2,3 x 
2.7 x 
9.2 x lo-= 
1.6 x io -10 
2.0 x 10-10 
Loo x 10-10 . .  




2.5 x 10-10 




1.8 x lo-’’ 
1.6 x 
1.4 x 
2.0 x 10 
8.2 x 
1.2 x lomu -10
9.5 x 10:” 
3.4 x 10-11 
1.0 x lo-= 
1,2 x 10-ll 
201 x lo-: 
1 0 9  X lo-n 
1.0 x 
201 x 10-11 
b 
L 
TRW EQUIPMENT LABORATORIES 
0 
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TABU A-VI1 
CREEP TEST DATA, TZM FORGED D I S C ,  ANNEALED AT 2 8 5 0 ~ ~  (1566"C), FOR 1 KIUR, 
TESTED AT 2000'F (1093OC) 10,000 PSI (6.89 X lo7 N/m2) 
Length Change 
Time A L  (in.) Creep Pressure 
% T o r r  (Minutes) 2" G. L. - 
1 .00030 .015 6.0 x 10-l' 
2 .00045 -0225 
3 .00040 .020 





7 .OOO15 .0075 
8 .00010 0005 
9 .00020 .010 
10 .00030 .015 
11 .00030 .015 
1 2  .00025 ,0125 
13 .00030 .015 
1 4  .00030 .015 
20 .m45 00225 
25 .00050 0025 
35 . o o o ~  ,025 
40 .OOO50 0025 
45 .00050 0025 
60 .00050 .025 
15 ,00035 -0175 
30 .00055 .0275 
Length Change 
Time L ( in , )  
(Hours) 2" G. Le 
. OO040 . 00055 
00095 
00105 . 00120 













00560 . 00560 . 00565 
. 005'65 
000575 
f mS80 . 00480 
0 00485 . 004 85 
. 00440 
.00465 
.00485 . 00505 









































e 255 . 262 




6.2 x 10" 
3.1 x lo-? 
5.1 x 1019' 
3.0 x 
3.4 x 
2.4 x lo-. 
2*3 x iom9 
2*2 x 
1.6 x i o  
1.8 x lom9 




1.6 x i o  
1.0 x IO+ 
TR W EQUIPMENT LABORATORIES 
e 
Length Change 
Time A L  (in.) 
















2ll5 0 2 
2163 .o 














3195 o 2 
345808 







0252 . 255 . 260 
265 . 267 
265 
265 . 265 . 265 
270 
. 270 




0272 . 280 . 280 . 275 
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TABLE A-VI1 ( Continued) 
Pressure 
Torr 
4.b x -9 1.6 x loml1 
-9 9.7 x 10 1.3 x 10-9 
1.3 X 10-10 
9.3 x 10 -- -- 
-12 3.2 x 10-11 
8.8 x 
8.8 x 
9.6 x 10,lo 
3.6 x 
1.5 x 10 
3.2 x 
8.0 x 10,~ 
1.4 x 
1.1 x 10 
-11 1.4 x 10,11 
1.4 x 
1.0 x 






2.6 x io,1o 
2.8 x 
1.2 x 







4.2 x 10 
c 
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Table A-VIII 
C r e e p  T e s t  Data for TZM Mater ia l  Received f r o m  NASA Tested at 
1800°F (982"C), 24, OOOpsi (1. 65 x 108N/m2) 
Length Change 
T i m e  A L (in. ) Creep  P r e s s u r e  
-- (Hours)  2" G. L. ( 7 0 )  ( T o r r )  
66 .9  .00010 - 3.7 x 10-8 
88.5 ,00005 - 3.7 x 10-8 
117. 1 .00005 - 2 . 3  x 10-8 
136.4 0 .00000 - 1. 6 x  10-8 
160.4 .00005 - 1. 6 x  10-8 
280. .6 .00020 . o 1 0  5 . 6  10-9 
304. 5 . 00020  . o10  6 .7  10-9 
400.4 .00025 . 0 1 2  4.2 10-9 
424.4 .00030 ,015 3.7 10-9 
448.7 .00035 .017 ~4~ 10-9 
232.2 . 0 00 20 . O l O  9 .8  x 10-9 
256.7 .00015 .007 8.8 x l o F 9  
329.8 .00030 .015 6. 1 x 
472.4 .00040 .020 2.6 x 
496.5 .00040 .020  - 
b TRW EQUIPMENT LABORATORIES 
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I TABLE A-VI11 
Creep Test Data for TZM M a t e r i a l  Received from NASA Tested at 1856OF 

















b L  (in.) 
2" G o  L o  
Pressure Creep s Torr - 
-.005 302 X loo7 
0.007 
-0005 
- 0 005 - 0005 
-0005 
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TABU A-M 
CREEP TEST DATA FOR Cb132Y, BNNEAUD 3092'F (l7OO'C) FOIi ONE HOUR 
TESTED AT 
2056'F (1124'C), 20,000 PSI (1.38 x lo8 N/m2) 
Length Change, A L (in. ) 





















































015 . 010 
.Ox? . 015 . 015 8.2 x 
0015 
0015 
-9 105 1.1 x 
.u2 7.8 x 10 . 205 
262 
*455 











% . TRW EQUIPMENT LABORATORIES 
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TABLE A-XI 
CREEP TdST DATA FOH Cb132M, ANNEBZED 3092'F (1700'C) FOR 1 HOUR 
8 2  TESTED AT 2 0 5 6 ~ ~  ( l l 2 4 O C ) ,  17,000 PSI (1.17 x 10 N/m ) 
Isngth Change 
Time AL (in.) Creep &e8SUSe 
(anutes) 2" G. L o  ss T o r r  - 
1 .oooo5 .002 8.5 x low1' 
2 .00010 e o 0 5  
3 . o0005 0002 
4 -0- -0- 
.oooo5 0002 
.00010 - 0 5  
5 
6 
7 .00010 . O S  
8 .ooo15 .007 
9 .OOOl5 am7 
10 .om15 0007 
15 -00035 0017 
20 .o0055 0027 
25 .O0050 .025 
30 .o0050 .025 
60 .ooo55 0027 
.( 
c TRW RQUIPMENT LAboRATORlES 
THOMPSON R A M 0  WOOLDRIDQE INC. 
C r e e p  T e s t  Data for Cb132M, Annealed 3092OF (1700°C) F o r  1 Hour 
Tested a t  2056"~ (l12k°C), 17,000 psi (1. 17 x 108N/m2) 
.Length Change 



































. 0 1095 
. 0 1335 
. 0 1375 
. 0 1405 
. 0 1525 
. 0 1595 
. 0 1765 
. O l 9 l O  
. 0 1995 
.02055 






. 3 2 5  
. 332 







, 7 0 2  
. 7 6 3  
.797 
. 8 8 3  




Pr  e s s u r  e 
[ Tor r )  
9 . 2  x 1 0 - l 6  
9 . 3  x 10-1O 
9 . 3 x  10-1O 
4 . 1  x 10- l0  
7 .2  x 10-10 
4.7 x 10-10 
4 .0  x 10-1O 
3 . 4 x  10 - l0  
5 . 3 x  10-10 
5 . 2  x 10-10 
8. 1 x 10-l '  
3.8 x 
3 .6  x 10-l '  - 10 4. 3 x 10 
-10 3.8 x 10 
- 10 2 .1  x 10 
4.6 x IOe1' 
- 10 4.7 x 10 - 10 3. 3 x 10 
-10 3.8 x 10 
3.9 x 10- l0  
T e s t Te rmina  ted 
s TRW EQUIPMENT LABORATORIES 
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TABU A-XI 










7 2  1500 PSI (1.03 x 10 N/m ) 
Isngth C h a n g e  
A L  (in.) 
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TABLE A - X I  (Cont’d.) 
CREEP TEST DATA, W-25$Re SHEhT, TESTED AT 3200°F (176OoC), 
1500 PSI (1.03 x 107N/m2) 
TkE? 






























994 - 6 
1018.6 
1090.6 







k n g t h  Change 


















































































2 . 1  x 10-8 
2.0 x 10-8 
1.6 x 10-8 
1.6 x 10-8 
1.4 x 10-8 
1.0 x 10-8 
9.8 10-9 
1.0 x 10-8 
9.4 10-9 
1.5 x 10-8 
1.0 x 10-8 
1.0 x 10-8 
9.2 10-9 
8.9 10-9 






8.3 x 10-9 
8.8 x 10-9 
1.4 x 
4.4 x 10-9 
4.8 x 10-9 
5.0 x 10-9 
5.9 10-9 
9.0 x 10-9 
5.8 x 10-9 
6.4 x 10-9 
9.6 x 10-9 
8.5 x 10-9 
8.4 x 10-9 
9.6 x 10-9 
e--- 
4.2 10-9 ---- 
. 
c b TRW EQUIPMENT LABORATORIES 
TABLE A-XI1 
THOMPSON R A M 0  WOOLORIDGE INC. 
CREEP !TEST DATA, TUNGS!i!EM SHIEET, TESTED AT 3200OF (1760OC) 























































- prssstlre Torr 
4 x loo8 
. 
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TABLE A - X I 1  (Cont Id. ) 
CREEP TEST DATA, TUNGSTEN SHEET, Ti3STED AT 3200°F (176OoC), 







































AL (inch ) Creep 
(2" G . L . )  - (%I 











































































2.2 x 10-8 
1.0 x 10-8 
1.1 x 10-8 
9.2 10-9 
7.8 x 10-9 
6.9 10-9 
3.9 10-9 
7.2 x 10-9 
6 .1  10-9 
5.6 x 10-8 
1.6 x 10-8 
6.8 x 10-9 
6.5 x 10-9 
6.3 x 10-9 
9.0 x 10-9 
4.6 x 10-8 
3.6 x 10-8 
4.0 x 10-8 
4.6 x 10-9 
7.2 x 10-9 
2 . 4  x 10-9 
2.4 x 10-9 
3.0 x 10-9 
8.2 x 10-9 
2.4 x 10-9 
8.3 x 10-9 
8.0 x 10-9 
9.4 x 10-9 
9.2 x 10-9 
2.8 x 10-9 
5.0 x 10-8 
4.9 x 10-8 
4.7 x 10-8 
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AL ( inch)  





















.04040 . OLlOo 
































6.7 x 10-9 
2.4 10-9 
4.6 x 10-10 
2.4 x 10-9 
3.2 x 10-9 
6.8 x 10-9 
6.6 x 10-9 
5.3 x 10-9 




2.0 x 10-9 
1.8 x 10-9 
1.7 x 10-9 
6.0 10-9 
1.7 x 10-9 
3.2 x 
2.5 x 10-9 
7.4 x 10-9 
6.2 x 10-9 
7.3 x 10-9 
2.2 10-9 
---- 




7.0 x 10-9 
2.2 x 10-9 
6.6 x 10-9 
1.4 x 10-9 
5.6 x 10-9 
1.7 x 10-9 
1.6 x 10-9 
2.0 10-9 
5.0 10-9 
Test i n  Progress 
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Ae ronutronics 
Newport Beach, California 
Attn: L ibrar ian  
General  Atomic 
John Jay Hopkins Laboratory 
P. 0. Box 608 
San Diego 12, California 
Attn: L ibrar ian  
General  Elec t r ic  Company 
Atomic Power Equipment Division 
P. 0. Box 1131 
San Jose , California 
General  Elec t r ic  Company 
Missi le  and Space Vehicle Dept. 
3198 Chestnut Street  
Philadelphia 4 , Pennsylvania 
General  Elec t r ic  Company 
Vallecitos Atomic Laboratory 
Pleasanton, California 
Attn: L ibrar ian  
General  Elec t r ic  Company 
Evendale , Ohio 45215 
F P D  Technical Information Center  
Bldg. 100, Mail Drop F-22 
General  E lec t r i c  Company 
Reentry Systems Dept. 
Cinncinati, Ohio 45215 
Attn: Dr. J. W, Semmel 
E. E. Hoffman 
2 copies 
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General  Dynamics / F o r t  Worth 
P. 0. Box 748 
F o r t  Worth, Texas 
Attn: Librar ian  
General  Motors Corporation 
Allis on Division 
Indianapolis 6 ,  Indiana 
Attn: Librar ian  
Hamilton Standard 
Division of United Aircraf t  Corporation 
Windsor Locks,  Connecticut 
Attn: L ib ra r i an  
Hug he s Aircraf t  Company 
Engineering Division 
Culver City, California 
Attn: L ibrar ian  
Lockheed Miss i les  and Space Division 
Lockheed Aircraf t  Corporation 
Sunnyvale, California 
Attn: L ibrar ian  
Marquardt  Ai rcraf t  Company 
P. 0. Box 2013 
Van Nuys, California 
Attn: L ibrar ian  
The Mart in  Company 
Baltimore 3 ,  Maryland 
Attn: L ib ra r i an  
The Mar t in  Company 
Nuclear Division 
P. 0. Box5042 
Bal t imore 20, Maryland 
Attn: L ib ra r i an  
Martin Mariet ta  Corporation 
Me tal s Te chnolo gy Lab0 ratory 
Wheeling, Illinois 
Massachuset ts  Institute of Technology 
Cambridge 39 ,  Massachusettrr 
Attn: L ibrar ian  
Mater ia ls  Research  and Development 
Manlabs, Inc. 
21 E r i e  Street  
Cambridge 39,  Massachusetts 
Mater ia ls  Re s e a r c h  Corporation 
Orangeburg, New York 
Attn: Librar ian  
McDonnell Ai rcraf t  
St. Louis, Missouri  
Attn: L ibrar ian  
MSA Resea rch  Corporation 
Calle r y  , Pennsylvania 
Attn: L ibrar ian  
National Research  Corporation 
70 Memorial  Drive 
Cambridge 42, Massachusetts 
Attn: L ibrar ian  
North American Aviation 
Los Angeles Division 
Los Angeles 9, California 
Attn: L ib ra r i an  
Norton Company 
Worcester  , Mas eachusetts 
Attn: L ibrar ian  
Pratt & Whitney Aircraf t  
400 Main Street  
Eas t  Hartford 8, Connecticut 
Attn: L ib ra r i an  
THOMPSON R A M 0  WOOLDRIOQE INC. 
9w 
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Republic Aviation Corporation 
Farmingdale ,  Long Island, New York 
Attn: Librar ian  
Solar 
2200 Pacif ic  Highway 
San Diego 12,  California 
Attn: L ibrar ian  
Southwest Research  Institute 
8500 Culebra Road 
San Antonio 6, Texas 
Attn: Librar ian  
Rocketdyne 
Canoga P a r k ,  California 
Attn: L ib ra r i an  
Superior Tube Company 
Nor ri s town, Pennsylvania 
Attn: Mr. A. Bound 
Sylvania Elec t r ic  Products  , InC. 
Chemical and Metallurgical 
Towanda, Pennsylvania 
Attn: L ibrar ian  
Temes  cal  Metallurgical 
Berkeley, California 
Attn: L ibrar ian  
Union Carbide Corporation 
Parma Resea rch  Center  
Te c h i c a l  Information Service 
P. 0. Box6116 
Cleveland , Ohio 441 0 1 
9751 
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Union Carbide Nuclear Company 
P. 0. Box X 
Oak Ridge, Tennessee 
Attn: X-10 Laboratory Records Department 
Union Carbide Metals 
Niagara Falls, New York 
Attn: Librar ian  
Union Carbide Stellite Corporation 
Kokomo, Indiana 
Attn: Librar ian  
2 copies 
United Nuclear Corporation 
5 New Street  
White P la ins ,  New York 
Attn: Librar ian  
Attn: Mr. Albert  Weinstein, 
Si-. EI:n;neer 6'--- - - 
Universal  Cyclops Steel Corporation 
Ref ractomet  Division 
Bridgeville, Pennsylvania 
Attn: C. P. Mueller 
University of Michigan 
Department of Chemical and Metallurgical Eng. 
Ann Arbor ,  Michigan 
Attn: Librar ian  
U. S. Atomic Energy Commission 
Technical Reports Library  
Washington 25, D. C. 
Attn: J. M. O 'Lea ry  
9715 
~~ 
THOMPSON R A M 0  WOOLDRIOQE INC. 
U. S. Atomic Energy Commission 
Germantown, Maryland 
Attn: Col. E. L. Douthett 
Attn: H. Rochen 
Attn: Socrates  Chris tofer  
Attn: Major Gordon Dicker 
SNAP 5O/SPUR Projec t  Office 
SNAP 5O/SPUR Project  Office 
SNAP 50/SPUR Projec t  Office 
U. S. Atomic Energy Cornmission 
Technical Information Service Extension 
P. 0. B o x 6 2  
Oak Ridge, Tennessee 3 copieo 
U. S. Atomic Energy Commission 
Washington 25, D. C. 
Attn: M. J. Whitman 
Argonne National Laboratory 
9700 South Cross  Avenue 
Argonne, Illinois 
Attn: L ibrar ian  
B roo khave n National La bora to r y 
Upton Long Island, New York 
Attn: Librar ian  
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 
Attn: Dr.  W. 0. Harms  
Attn: Dr.  A. J. Miller  
Attn: L ibrar ian  
Office of Naval Resea rch  
Power  Division 
Washington 25, D. C. 
Attn: L ib ra r i an  
V o u g ht As t r ona u ti c s 
P. 0. Box5907 
Dallas 22, Texas 
Attn: L ib ra r i an  
* 0 TRW EQUIPMENT LABORATORIES 
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. Wah Chang Corporation 
Albany, Oregon 
Attn: Librar ian  
We s tinghous e Ele c t r i c  Corporation 
Astronuclear  Laboratory 
P. 0, Box 10864 
Pi t tsburgh,  Pennsylvania 15 23 6 
Attn: R. Begley 
We stinghous e Elec t r ic  Corporation 
Mater ia ls  Manufacturing Division 
RD No. 2 Box 25 
Blairsvi l le  , Pennsylvania 
Attn: L ibrar ian  
Attn: F. L. O r r e l l  
Wolverine Tube Division 
Callrm-et and Hecla, Inc. 
17200 Southfield Road 
Allen P a r k ,  Michigan 
Attn: Mr.  Eugene F. Hill 
Wyman-Go rdon Company 
North Grafton, Massachusetts 
Attn: L ibrar ian  
We sting hou s e Ele ct ri c 
Ae rospace Elec t r ica l  Division 
Lima, Ohio 
Attn: Pau l  Kueser  
Air  F o r c e  'Materials Laboratory 
Research  and Technology Division 
Wright-Patterson Air Force  Base, Ohio 45433 
Attn: C. L. Harmsworth 
Johns Hopkins University 
Applied Phys ics  Laboratory 
8621 Sergia  Avenue 
Silver Spring, Maryland 
Attn: Librar ian  
97u 
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Pratt & Whitney Aircraf t  
Mater ia ls  Development Laboratory 
P.O. Box 611 
Middle town, Connecticut 
Attn: Librar ian 
RCA 
Defense Electronics  Products 
Ast r o - El e ct  ronic s Di v i s  ion 
Princeton, New J e r s e y  
Attn: Librar ian 
Lawrence Radiation L a b  
Technical Information Division 
Livermore,  California 94550 
Attn: W. Blake Myers 
General Elec t r ic  Co. 
Nuclear Mater ia ls  and Propulsion Operation 
P. 0. Box i5i32 
Cincinnati, Ohio 45215 
Attn: 7 10 Reactor Systems P r o g r a m  Operation 
Dr. J a m e s  Hadley 
Head, Reactor Division 
Lawrence Radiation Laboratory 
P.O. Box 808 
Livermor e, California 
H. F. Conrad 
P r o c e s s  and Mater ia ls  Division 
Chemistry Department 
Lawrence Radiatinn Laboratory 
P.O. Box 808 
Livermore,  California 
Matthew King 
T R W  SYSTEMS INC. 
1 Space P a r k  
Redondo Beach, California 
9752 
ATTN: Nuclear Technology Dept. 
